PCR amplification techniques were used to compare cyanobacterial symbionts from a cyanobacteriumbryophyte symbiosis and free-living cyanobacteria from the same field site. Thirty-one symbiotic cyanobacteria were isolated from the hornwort Phaeoceros sp. at several closely spaced locations, and 40 free-living cyanobacteria were isolated from the immediate vicinity of the same plants. One of the symbiotic isolates was a species of Calothrix, a genus not previously known to form bryophyte symbioses, and the remainder were Nostoc spp. Of the free-living strains, two were Calothrix spp., three were Chlorogloeopsis spp. and the rest were Nostoc spp. All of the symbiotic and all but one of the free-living strains were able to reconstitute the symbiosis with axenic cultures of both Phaeoceros and the liverwort Blasia sp. Axenic cyanobacterial strains were compared by DNA amplification using PCR with either short arbitrary primers or primers specific for the regions flanking the 16S-23S rRNA internal transcribed spacer. With one exception, the two techniques produced complementary results and confirmed for the first time that a diversity of symbiotic cyanobacteria infect Phaeoceros in the field. Symbionts from adjacent colonies were different as often as they were the same, showing that the same thallus could be infected with many different cyanobacterial strains. Strains found to be identical by the techniques employed here were often found as symbionts in different thalli at the same locale but were never found free-living. Only one of the free-living strains, and none of the symbiotic strains, was found at more than one sample site, implying a highly localized distribution of strains.
Cyanobacteria are a ubiquitous group of photoautotrophic prokaryotes, some of which form symbioses with taxonomically diverse organisms including animals, plants, fungi, algae, nonphotosynthetic protists, and bacteria. Symbiotic cyanobacteria (cyanobionts) isolated from bryophytes, cycads, and Gunnera are almost always Nostoc spp. (7, 15, 19, 20, 27, 36) , although a Calothrix symbiont has been isolated from a cycad (20) . The filamentous cyanobacteria of genera Nostoc and Calothrix share two characteristics which are essential to the establishment of plant symbioses. The first is the ability to fix nitrogen in specialized cells known as heterocysts, and the second is the formation of motile filaments known as hormogonia which serve as the infective agents in most cyanobacterium-plant symbioses.
Bryophyte cyanobionts characterized primarily by morphological and physiological criteria have been reported to show little diversity, even in plants collected from widely separate locations (15, 36, 39) . However, we have isolated phenotypically different Nostoc strains from symbiotic colonies in the same small section of thallus from the hornwort Phaeoceros (5) . To resolve this apparent contradiction and to determine unequivocally the degree of variation of symbiotic cyanobacteria present in bryophytes and their ability to survive freeliving in the environment, genotypic rather than phenotypic comparisons are needed. The required techniques have become available in recent years and are now being applied to cyanobacterial symbioses. For example, the diversity of cyanobionts in cycads, Gunnera, and the water-fern Azolla has been examined by restriction fragment length polymorphism (RFLP) analysis of cyanobacterial genomic DNA (26, 33, 45) . For each symbiosis, it has been shown that a variety of strains can associate with the plants, although it appears that a single strain of Nostoc is predominant in a single cycad root (26) . Although RFLP analysis has proved useful for characterizing morphologically similar cyanobacteria, it is time-consuming and requires relatively large quantities of DNA. In contrast, PCR fingerprinting methods are rapid and require minute amounts of DNA. These techniques are based on the PCR amplification of DNA by using one or more primers of arbitrarily chosen sequence, and they do not require prior knowledge of DNA sequence information (8, 40) . Variously referred to as arbitrarily primed PCR, DAF (DNA amplification fingerprinting), and RAPD (random-amplified polymorphic DNA) (8) , they have been successfully applied to the partners of the Azolla symbiosis (18) and to toxic cyanobacterial strains (31) .
A third technique employs PCR amplification of the 16S-23S rRNA internal transcribed spacer (16S-23S ITS) which is polymorphic in a number of eubacteria (23) and has been used as a source of specific probes (6) . It is common within the eubacterial kingdom to possess a number of rRNA gene (rDNA) operons, and hence a number of intergenic spacers, giving rise to the possibility of length as well as sequence polymorphism. This is also true for cyanobacteria, which have been shown to possess a variable number of rRNA operons, which may be greater than six for Anabaena cylindrica (32) . Two different strains of Pseudanabaena have been shown to possess different-length 16S-23S ITSs (43) , and there is evidence for variable-length 16S-23S ITSs in Trichodesmium sp. strain NIBB 1067 which differ by 29 nucleotides (42) . The 16S-23S ITS can be amplified by using primers derived from the known highly conserved flanking sequences (12, 21, 31) .
Because phenotype-based characterization has proven inadequate for clarifying the number of symbiotic cyanobacteria colonizing bryophytes, the present study was undertaken to apply DNA-based techniques to symbionts from the hornwort Phaeoceros and to compare these with free-living cyanobacteria in the same locale. In addition, all symbiotic and free-living isolates were tested for the ability to reconstitute with Phaeoceros and the liverwort Blasia to investigate the specificity of the association.
MATERIALS AND METHODS

Bryophytes.
All Phaeoceros laevis (L.) Prosk. sub. sp. laevis samples from which symbiotic and free-living cyanobacteria were isolated were collected from the University of Liverpool Botanic Gardens (Ness Gardens), South Wirral, England. Axenic laboratory cultures of P. laevis and Blasia pusilla were purified by S. Babic from samples collected by D. G. Adams in Ness Gardens and Scotland (OS grid reference BNN 898218), respectively. The plants were maintained routinely in BG11 liquid medium (35) in conical flasks with shaking at 100 rpm at 20°C under a 14 h/10 h light/dark cycle and at an average light irradiance of 19.5 mol m Ϫ2 s
Ϫ1
. BG11 and BG11 0 are the same medium with and without, respectively, 17.5 mM NaNO 3 .
Cyanobacteria. Additional cyanobacterial strains were from the laboratory culture collection of D. G. Adams and were Chlorogloeopsis fritschii, Nostoc sp. strain PCC 7120, Nostoc sp. strain LBG1 (isolated from the hornwort Phaeoceros collected from Ness Gardens), M1 (a mutant of Nostoc sp. strain LBG1), A. cylindrica, and Synechocystis sp. strain PCC 6803. Cyanobacterial stock cultures were maintained on BG11 or BG11 0 agar plates and slopes and were grown in BG11 or BG11 0 liquid medium in conical flasks at 30°C with shaking at 120 rpm, under continuous light at an average light irradiance of 24 mol m Ϫ2 s
. Isolation of symbiotic and free-living cyanobacteria. P. laevis samples from which symbiotic and free-living cyanobacteria were to be isolated were collected from Ness Gardens (Table 1) , where the hornwort grew on sandstone blocks forming the banks of a stream. To study the distribution of cyanobacteria, four sampling sites (sites 1 to 4) were chosen along the stream, covering a total distance of approximately 60 m; two samples were taken from adjacent rocks at site 1 (1A and 1B). At least six symbionts were isolated from each site. Generally, three thalli were selected and washed separately three times by shaking in 5-ml aliquots of sterile BG11 0 medium. By using sterile needles, two adjacent cyanobacterial colonies were excised from each thallus and placed into separate 50-ml flasks containing 20 ml of BG11 0 liquid medium and then incubated as for the cyanobacterial cultures. Free-living cyanobacteria were initially grown by placing portions of soil and moss from each of the sites into separate 50-ml flasks containing 20 ml of BG11 0 and incubating as for the cyanobacterial cultures.
The cultured symbionts were purified by a method based on that of Wolk (44), with a few modifications. A 10-ml sample of culture was briefly homogenized, placed in a sterile universal bottle, and sonicated for 10 to 20 s at full power to break the filaments into lengths of fewer than three cells. The level of contaminating bacteria was reduced by at least 10 cycles of washing with 20 ml of sterile BG11 0 , followed by centrifugation in a benchtop centrifuge at the minimum speed required to pellet the cyanobacteria. The final pellet was resuspended in approximately four times its volume of BG11 0 , and three 10-fold serial dilutions were carried out. A 100-l subsample of each serial dilution was plated out on BG11 agar, and the plates were incubated under fluorescent strip lights (incident light irradiance, 85 mol m Ϫ2 s Ϫ1 ) at room temperature. Plates were examined periodically with a dissecting microscope to select cyanobacterial colonies which were separated from bacterial colonies. Such microcolonies were picked off with sterile finely drawn-out Pasteur pipettes and dispensed into sterile capped glass tubes containing 1 ml of BG11. The tubes were incubated at room temperature under fluorescent strip lights (85 mol m Ϫ2 s Ϫ1 ). Colonies were subcultured into 20 ml of BG11 medium and incubated under standard conditions. After a growth period of 1 to 2 weeks, the purity of the cultures was assessed by bright-field and phase-contrast microscopy and by streaking samples onto nutrient agar, and onto BG11 0 agar supplemented with 0.2% glucose and 0.02% yeast extract, a modification of the medium described by Rippka et al. (35) . The plates were incubated at 30°C under fluorescent strip lights (85 mol m Ϫ2 s
) for at least 2 weeks and then inspected for signs of contamination under a dissecting microscope. Purification of free-living cyanobacteria was performed in the same way as for the symbionts except for an additional stage at the start of the procedure. To reduce the initial heavy contamination of the samples, aliquots of the liquid cultures were spread onto BG11 0 agar, and individual cyanobacterial colonies were then transferred into fresh BG11 0 liquid medium and regrown. Subsequent steps were the same as for the symbiont purification. Identification of isolates. Generic assignment of the isolates was based on the criteria of Rippka et al. (35) .
Reconstitution of the symbiosis with Phaeoceros and Blasia. Portions of axenic bryophyte thalli were transferred aseptically to 50-ml flasks containing 20 ml of BG11 0 . A loopful of the test cyanobacterial strain (from plate or liquid culture) was added to the flask and incubated at 20°C as described for the maintenance of bryophytes, for a test period of up to 1 month. Symbiotic competence of the cyanobacterial strains was assessed periodically by observing the thalli under bright-field microscopy for the presence of healthy symbiotic colonies.
DNA preparation from cyanobacterial isolates. Cyanobacteria were grown under standard conditions to the mid-to late exponential phase and then harvested by centrifugation. Because many isolates grew as ensheathed coiled filaments, cell lysis was achieved by mechanical breakage by a method based on that described previously (28) . The pelleted cells were washed with an equal volume of TES (10 mM Tris-HCl [pH 8.0], 50 mM EDTA, 50 mM NaCl) before being resuspended in 0.5 volume of TE (10 mM Tris-HCl [pH 8.0], 1 mM EDTA). To this final volume, 0.5 volume of glass beads (0.4-mm diameter), 0.2 volume of 20% (wt/vol) sodium dodecyl sulfate, and 1 vol of phenol-chloroform-isoamyl alcohol (25/24/1, wt/vol/vol) was added. The mixture was vortexed vigorously for 2 min followed by centrifugation. The aqueous phase was extracted three to four more times with an equal volume of phenol-chloroform-isoamyl alcohol and twice with an equal volume of chloroform-isoamyl alcohol (24/1, vol/vol). Nucleic acids were precipitated overnight at Ϫ20°C by the addition of 0.02 volume of 5 M NaCl and 2 volumes ethanol and collected by centrifugation. The pellet was washed briefly with 70% (vol/vol) ethanol, resuspended in TE, and incubated with DNase-free RNase A (100 g ml
; Sigma) (prepared as described in reference 38) at 37°C for 1 h.
For one symbiotic isolate, S5, which grew as a homogeneous liquid culture, DNA was also extracted by lysing the cells with lysozyme as described previously (1) .
DAF analysis. The PCR components and their concentrations were based on those described previously (18) . The primers were originally used to amplify Anabaena sp. and Azolla sp. DNA (18) , and their sequences (5Ј-3Ј) are GCTG GTGG (8.7b) and GTGACGTAGG (10.6e). Purified DNA, or DNA from cellfree lysates of axenic cyanobacteria, was used as the template for PCR amplification. Cells for direct amplification were prepared by sampling a cyanobacterial plate culture with a sterile toothpick, mixing the cells in 50 l of distilled deionized water, and lysing them by heating to 95°C for 5 min, followed by brief centrifugation to pellet the cell debris. Amplification was carried out in a total reaction volume of 25 l with 5 ng of template DNA or 2 l of the cell lysate supernatant, 4 M primer 8.7b or 3.2 M primer 10.6e, 200 M deoxynucleoside triphosphates, 2.0 mM MgCl 2 , and 0.5 U of Super-Taq polymerase (HT Biotechnology Ltd., Cambridge, England) in reaction buffer (10 mM Tris, 50 mM KCl, 0.01% gelatin, 0.1% Triton X-100 [pH 9.0]). All PCR runs included a negative control which contained all reaction components except DNA. Amplification was performed in a PTC-100 Peltier effect thermal cycler (MJ Research, Watertown, Mass.) for 30 cycles (36 cycles for cell-free lysates) of 30 s at 95°C, 1 min at 30°C, and 1 min at 72°C, followed by a final extension period of 10 min at 72°C. Following amplification, 10-l aliquots of the PCR products were resolved by agarose gel electrophoresis at 5 V cm Ϫ1 in 1.5% (wt/vol) agarose (ultrapure; Gibco BRL).
Amplification and restriction digestion of the 16S-23S rRNA ITS. Primers for the amplification of the 16S-23S rRNA intergenic region were selected from conserved regions of the 16S and 23S gene sequences flanking the spacer. Primer 1 (CGTAACAAGGTAGCCG) corresponded to the 16S rDNA sequence 32 to 47 bp upstream of the ITS (selected from conserved 16S rRNA consensus sequence [12] ), and primer 2 (GTGCCTAGGTATCCACCG) was complementary to the 23S rDNA sequence 22 to 39 bp downstream from the ITS (selected by aligning 23S rRNA sequences from five eubacteria and one chloroplast [21] ). Using the conventions of the Oligonucleotide Probe Database (4), the primer names are as follows: primer 1 (forward primer), S-*-UNIV-1496-a-S-16; and primer 2 (reverse primer), L-P-Cyano-22-a-A-18.
The PCR components and concentrations were based on those described previously (30) . A total reaction volume of 100 l contained 50 ng of DNA, 0.1 M each primer, 2.5 mM MgCl 2 , 20 M deoxynucleoside triphosphates, and 2 U of Super-Taq polymerase in reaction buffer. Amplification was performed in a PTC-100 thermal cycler for 3 min at 95°C, followed by 35 cycles of 1 min at 95°C, 1 min at 55°C, and 2 min at 72°C, with a final extension period of 2 min at 72°C (30) . Amplification was verified by agarose gel electrophoresis of 10-l aliquots of each reaction as described above.
For PCR-RFLP analysis, the amplification products were concentrated, prior to restriction digestion, by precipitation in 2 M ammonium acetate with 2.5 volumes of ethanol at Ϫ70°C for 15 min. The DNA was recovered by centrifugation, and the pellet was dried and resuspended in 24 l of TE. Two 8-l aliquots of each concentrated PCR product were digested in a total volume of 10 (S8, S9) (S10) (S11, S12) (S13) F7-F13 2 (S14, S15) (S16, S17) (S18, S19)
a Each set of parentheses indicates a separate Phaeoceros thallus. Pairs of symbiotic strains within the same set of parentheses were isolated from adjacent colonies of the same thallus. Strains S9, F7, and F10 were identified as Calothrix sp., strains F8, F33, and F39 were identified as Chlorogloeopsis spp., and all other strains were identified as Nostoc spp. Isolate S16 grew poorly on solid and liquid media and was therefore not used for the DAF and PCR-RFLP analyses.
l with 2.4 U of AluI or DdeI in enzyme buffer at 37°C for 1 h. The restriction fragments were fractionated in 3-mm-thick gels of 2% (wt/vol) MetaPhor agarose (FMC BioProducts; supplied by Flowgen Instruments Ltd., Kent, England), prepared according to the manufacturer's instructions.
RESULTS
Morphology and generic assignment of cyanobacterial isolates. A total of 31 symbiotic and 40 free-living cyanobacterial strains were isolated (Table 1) . Using the criteria of Rippka (36), we identified one of the symbiotic isolates as a Calothrix sp. and the remainder as Nostoc spp. To our knowledge, this is the first reported isolation of a symbiotic Calothrix strain from a bryophyte. Of the 40 free-living strains, we identified 2 as Calothrix spp., 3 as Chlorogloeopsis spp., and the remainder as Nostoc spp. A variety of morphological types and pigmentation was observed among the symbiotic and free-living isolates. The majority were green-brown in color, implying that they synthesized the red phycobiliprotein phycoerythrin in addition to the blue phycocyanin. Indeed, phycobiliprotein assays of 10 Nostoc symbionts showed all to contain both phycoerythrin and phycocyanin (data not shown). More than 50% of the isolates produced ensheathed filaments, varying in morphology from filaments in a loose matrix to coiled filaments packed tightly within a thick sheath (punctiforme morphology). The Nostoc isolates generally possessed cylindrical vegetative cells, ovoid heterocysts, and ovoid akinetes (specialized cells resistant to cold and desiccation). However, some displayed more than one shape of cell, particularly when the isolate formed both free filaments and filaments enclosed in a sheath. Because of the limited morphological traits available for characterizing the isolates, and the variability of cell shape, cell type, and filament morphology, it was not possible to assess either the true number of strains present or the extent to which symbionts also existed in the free-living state. To address this problem, molecular techniques were used to compare strains by revealing DNA polymorphisms.
DAF. DNA samples from 27 symbiotic and 16 free-living isolates were amplified at least twice with primers 8.7b and 10.6e used singly. The same DNA samples were amplified with each primer, with the exception of symbiont S4, for which a different DNA preparation was used with each primer. Clear amplification patterns were obtained with both purified DNA (Fig. 1) and cell-free lysates of colonies from agar plates (Fig.  2) .
From a visual comparison of the patterns of amplification products (some of which are illustrated in Fig. 1 and 2 ) obtained with primers 8.7b and 10.6e, it was possible to distinguish a minimum of 16 types from 27 symbiotic strains tested and 7 from 16 free-living isolates ( Table 2) . A very similar discrimination of the strains was obtained with both primers (data not shown). DNA obtained from symbiont S5 cells lysed by mechanical breakage [S5(1)] and by lysozyme digestion [S5(2)] gave identical amplification patterns (Fig. 1) , as did all other multiple DNA preparations from a single isolate.
PCR-RFLP of the 16S-23S rRNA ITS. Amplification of DNA samples from 20 cyanobacterial isolates produced one to four amplification products for each strain (Fig. 3) . The unicellular Synechocystis sp. strain PCC 6803 yielded a single major band, with an additional faint band of higher molecular size. Three major bands were generally observed with the Nostoc strains, although Nostoc sp. strain S1 produced four bands, as did A. cylindrica. The ribotype patterns were very reproducible, even when amplification was carried out under a range of magnesium ion concentrations from 1.5 to 2.5 mM (data not shown).
Many of the cyanobacterial strains showed similar ribotypes, and to discriminate the strains further, the PCR products were digested with AluI and DdeI in order to reveal sequence polymorphism within the spacer regions. We obtained up to six products with DdeI (Fig. 3B ) and up to 18 with AluI (data not shown). The discrimination of the cyanobacterial strains from the restriction fragment patterns obtained after digestion with AluI and DdeI matched exactly. Grouping of strains based on the different restriction fragment patterns obtained with DdeI is given in Table 2 .
Reconstitution of the cyanobacterium-bryophyte symbiosis. All but 1 of the 71 isolates, including the Calothrix and Chlorogloeopsis strains, reconstituted with both bryophytes within 1 month (data not shown). The exception was a single free-living Nostoc isolate, F31, which reconstituted with Blasia but failed to reconstitute with Phaeoceros, even though it was morpho-FIG. 1. DAF analysis of purified DNA from symbiotic and free-living cyanobacteria (see Table 1 for details), using primer 8.7b and 30 cycles of PCR amplification. S5(1) and S5 (2) logically identical to two other free-living strains, F30 and F32, which were isolated from the same site and did reconstitute with both bryophytes. Indeed, all three of these strains gave identical DNA amplification patterns by DAF analysis ( Table  2 ). The majority of the strains reconstituted in under 12 days, although some infections had been initiated within 2 days, and isolate S28 had colonized numerous Blasia auricles within 17 h. Although it was not investigated in this study if the isolates could maintain stable symbioses with their bryophyte host beyond the first month, a Chlorogloeopsis sp. free-living isolate was observed to maintain a healthy symbiosis with Phaeoceros for at least 6 months, and microscopic analysis of a Chlorogloeopsis symbiotic colony from Blasia revealed it to be infiltrated by bryophyte filaments characteristic of mature colonies of the natural symbionts (data not shown). As far as we are aware, this is the first report of reconstitution of bryophyte symbiosis with Chlorogloeopsis spp.
DISCUSSION
Although the generic assignment of the symbiotic and freeliving cyanobacteria isolated here could be accomplished by the use of morphological criteria, the number of strains could be determined only by using techniques designed to reveal genotypic differences.
DAF analysis produced clear amplification patterns with both purified DNA and cell-free lysates of colonies from agar plates. Occasionally DNA from lysed cells failed to amplify, probably due to variability in the quantity of cells added, possible inhibitory effects of cellular components, and clumping of cells that may have reduced the efficiency of cell lysis. The age of a bacterial colony is also known to affect the optimal amplification pattern, young colonies giving the most reproducible amplification patterns (11) . Despite these occasional problems, amplification of DNA from lysed colonies had the advantage of avoiding the need for the growth of larger volumes of culture and the purification of DNA.
It is clear from the DAF data that a wide variety of Nostoc strains are symbionts of Phaeoceros in the field. Even adjacent cyanobacterial colonies from the same thallus contained different strains as frequently as they contained the same strain (Table 3 ). There were many examples of the same symbionts being isolated from different thalli at the same sample site; for example, S26, S27, S29, and S30 were indistinguishable by DAF analysis and were from three different thalli at site four (Table 3) . Identical symbionts were never found in thalli from different sites, although strain S21 (site 3) gave banding patterns very similar, but not identical, to those of S11 and S12 (site 1B). The free-living cyanobacteria at each site were also different, with the exception of isolate F14 from site 2, which gave a DNA amplification pattern identical to those of F18, F21, F22, F23, and F26 from site 3 ( Fig. 1 and 2 ; Table 2 ). Identical strains were never found both in symbiosis and freeliving, although free-living isolate F13 from site 1A gave an amplification pattern, with both arbitrary primers, very similar S1  S1  S2, S3 S3, S11, S12 S4, S7 S5, S6 S5 S8 S11, S12, (S21) S13 S14, S15, S17 S15 S18, S19 S18, S19 S20 S22 S23 S25 S26, S27, S29, S30 S26, S27, S29
a Each row represents a different pattern of amplification products (DAF analysis) or RFLP products (PCR-RFLP analysis). Strains present in the left column but missing from the right column were analyzed by DAF but not by PCR-RFLP. Symbiotic (S) or free-living (F) strains which behaved identically in both analyses are placed in the same row, except for strains S11 and S12, which were shown to be different to S3 by DAF analysis but could not be distinguished by PCR-RFLP analysis. Strains in parentheses had DAF banding patterns which differed in only one or two bands from the other strains in the same row.
to that of the symbiont S24 from site 3 ( Fig. 1; Table 2 ). However, it should be noted that only a limited number of strains were available for comparison at most of the sites, and no attempt was made to isolate free-living cyanobacteria from the surface of the Phaeoceros thallus. It may be that many symbionts are capable of epiphytic growth but rarely survive at a distance from the Phaeoceros thallus. Nonidentity of symbiotic and free-living strains has also been reported for cycad (46) and Gunnera (45) associations.
In this study, the arbitrarily primed PCR method was simple and quick to perform, and it readily discriminated the cyanobacterial strains. However, the low-stringency amplification conditions allow mismatch annealing of the primer to the template at the 5Ј end of the primer, and to achieve reproducible amplification products, the reaction conditions must be tightly controlled (8) . In the related technique of RAPD analysis, variation in the amplification patterns has been shown to occur following small changes in the magnesium concentration and the ratio of template to primer (16, 29) .
As expected, PCR-RFLP analysis of the 16S-23S rRNA ITS resulted in distinct banding patterns for Synechocystis sp. strain PCC 6803, Nostoc sp. strain PCC 7120, and A. cylindrica. The Ness Gardens isolates were grouped identically to the DAF results, except that isolates S11 and S12 grouped with S3 but were shown to be different from S3 by DAF (Table 2 ). In this example DAF analysis showed a greater ability than PCR-RFLP to discriminate between very similar strains.
Although cyanobacteria possess multiple rrn operons (32), there is so far little evidence for intragenomic length variation of the ITS. Further investigation is required to determine if the multiple bands observed here are homologous duplexes amplified from different-length rRNA ITSs or if some of the products are due to the formation of artificial heteroduplexes. Such artifactual products have been observed following amplification of multicopy genes which can give rise to hybrids of DNA fragments of similar sequence that migrate more slowly than the true products during agarose gel electrophoresis (22, 41) . Nevertheless, the discrimination of the cyanobacterial strains from the restriction digestion patterns was consistent with the arbitrarily primed (DAF) patterns.
A range of symbiotic and free-living Nostoc strains have been shown to infect Anthoceros (17) and Blasia (37) in the laboratory. However, a wide variety of heterocystous cyanobacteria, including free-living and symbiotic Nostoc strains, C. fritschii, and Fischerella ambigua, were unable to reconstitute with B. pusilla (37) , and a number of free-living and symbiotic Nostoc and Anabaena strains were unable to reconstitute with Anthoceros (17) . This is in contrast to the results from the present study, in which only 1 of the 71 isolates, including Calothrix and Chlorogloeopsis strains, failed to reconstitute with Phaeoceros. Even the one strain, free-living Nostoc isolate F31, did reconstitute with Blasia and was morphologically identical to two other free-living strains, F30 and F32, that were isolated from the same site and did reconstitute with both bryophytes. All three of these strains gave identical DNA amplification patterns by DAF analysis ( Table 2) .
The relatively large number of genetically different symbiotic strains isolated in this study clearly demonstrates that a wide range of cyanobacteria form symbioses with bryophytes in the field. Even adjacent Phaeoceros colonies frequently contained different cyanobionts (Table 3) . Such flexibility in their choice of symbionts may be an advantage for bryophytes, which, unlike Azolla, do not maintain a close association with a particular symbiont throughout the life cycle of the plant and must continually find new partners. The data presented here imply that many free-living cyanobacteria, although symbiotically competent, do not enter into symbiosis. Laboratory reconstitution of symbioses with axenic strains of bryophyte and cyanobacterium do not therefore reflect the situation in the field, where many complex factors influence the infection process. Because hormogonia are the infective agents in most cyanobacterium-plant symbioses, the symbiotic competence of a strain might be enhanced by its ability to respond to the hormogonia-inducing factors produced by Gunnera (34), Anthoceros (9), and Blasia (2), which induce hormogonia formation in some Nostoc strains. Indeed, a mutant of the symbiotic Nostoc sp. strain 29133 with increased sensitivity to the Anthoceros hormogonia-inducing factor has an infection frequency 50 times that of the wild type (10) . A recognition mechanism between the plant and potential symbiont may also operate. There is evidence of signalling between the partners in the Gunnera association (34) , and recognition is also believed to take place prior to invasion of Gunnera cells (24) . Finally, it has been shown recently that nitrogen-starved Blasia excretes a compound(s) that acts as a potent chemoattractant for the hormogonia of a symbiotic Nostoc strain (25) . Therefore, differences in the symbiotic competence of cyanobacteria may at least in part reflect the sensitivity of their hormogonia to a plant's chemoattractants.
In conclusion, the PCR-based techniques described here were able to reliably distinguish many different strains of cyanobacteria. Although the survey of free-living and symbiotic cyanobacteria was a limited one, some general conclusions can be drawn. The results imply that within the Ness Gardens Phaeoceros population, there is a great diversity of cyanobionts, mostly Nostoc spp. but including at least one Calothrix sp. A wider survey may have found Chlorogloeopsis as a symbiont because three free-living Chlorogloeopsis strains isolated from the same site were capable of infecting Phaeoceros in the laboratory, although care should be taken in extrapolating to the field what occurs with axenic cultures in the laboratory. It seems likely that the cyanobionts do not occur free-living in large numbers at a distance from the host plant, although they are likely to survive epiphytically on the surface of Phaeoceros , S12) 1A: (S6, S7) 2: (S14, S15) 3: (S22, S23) 2: (S18, S19) 4: (S24, S25) 4: (S26, S27) 4: (S28, S29) 4: (S30, S31) Different thalli at the same site 1A: (S4) (S7) 1A: (S1) (S2, S3) 1A: (S5) (S6) 1B: None 1B: (S8, S9) (S10) (S11, S12) (S13) 2: (S14, S15) (S17) 2: (S18, S19) 3: none 3: (S20) (S21) (S22, S23) (S24, S25) 4: (S26, S27) (S29) (S30) 4: (S28) (S31) Different thalli at different sites (S11, S12) (S21)
b All other strains a Each pair of parentheses indicates a separate Phaeoceros thallus; strains in the same row gave identical (column 2) or different (column 3) DAF banding patterns. The sample site is indicated by the number before the colon in each row.
b S21 differed from S11 and S12 in only one or two bands.
itself. Neighboring symbiotic colonies contained different strains as often as they contained the same strain, implying that many different cyanbionts can infect a single plant. However, particular strains seem to be limited to a small area, because the same strain could often be found in different plants at the same site but was never found at a different site.
